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1. INTRODUCTION 

Diabetes Mellitus is a major health concern in the society today both locally and worldwide [1]. 
According to National Diabetes Institute Malaysia, 3.6 million Malaysians suffer from diabetes in 2019. 
This is the highest rate of incidence in Asia and one of the highest in the world. Diabetes has been linked 
with other health problems, including heart disease and stroke, kidney disease, nerve damage and vision loss 
due to fluctuating blood sugar levels. Such complications can result in retinopathy leading to blindness, can 
lead to amputation of feet and legs, neuropathies (nerve disorder), cardiovascular diseases or even worst; 
death [2]. Diabetes Mellitus can be categorized into two major types, Type 1 and Type 2. Type 1 occurs 
when insulin cannot be produced in the body to control the level of blood glucose. Type 2 which is common, 
occurs when not enough insulin is produced or when the insulin in the body is not working efficiently [3]. 
Pre-diabetes is a health condition where patients have a higher level of blood glucose than normal but not 
high enough to be classified as diabetes. 

There are several signs and symptoms of pre-diabetes includes weight loss, a frequent desire to 
urinate, excessive thirst and blurred vision. Pre-diabetes must be taken seriously as it increases the chance of 
developing Type 2 diabetes. Both Type | and Type 2 diabetes cannot be cured, the best treatment method for 
patients is to have regular measurements and monitoring of the blood glucose levels to keep the disease under 
control. Unfortunately, these blood sugar levels have to be monitored for the rest of their lives as diabetes 
patients are prone to have either hypoglycaemia (low blood sugar) or hyperglycaemia (high blood sugar). 
Long-term monitoring of the blood sugar levels in patients has been reported to prolong their life 
expectancies [4]. Blood glucose monitoring can be coupled with monitoring of other lifestyle changes in 
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the patient such as diet and physical activity to optimize strategies for patient treatment [5]. This paper 
presents an overview of non-invasive glucose sensors for diabetes monitoring. Biological fluids that can 
be used other than blood for continous glucose monitoring will be discussed. Latest technology in 
commercial remote glucose have been reviewed and its advantages and disadvantages are compared. 
Section 3 presents different sensing techniques for glucose detection and the latest available commercial 
devices. Finally, the conclusions and the future trends are presented. 


2. GLUCOSE SENSING FOR DIABETES MONITORING 
2.1. Overview 

Due to the long term requirements of blood glucose monitoring in diabetic patients, regular 
self-testing and patient compliance to medication is crucial to prevent diabetes complications. Currently, 
diabetes patients can test the blood glucose at home with a portable electronic device (glucose meter) that 
measures sugar level in a small drop of blood. Continuous blood glucose monitoring is advantageous 
for diabetic patients as it can provide feedback on the effectiveness of the prescribed treatment. 
Diabetes management is a multi-pronged and some doctors may prescribe controlled diet, exercise 
in addition to the medication. Having regular measurements of blood sugar levels of the patients provide 
important information to the doctors on how well their patients are responding to the treatment plan. Table 1 
shows the different categories of blood glucose concentration for normal, high risk and diabetic adults. 
The blood glucose concentration in the body fluctuates during the day and normally increases after every 
meal. Figure | shows the variation in blood glucose (red), insulin (blue) levels throughout the day. It can be 
seen that a sugar-rich meal will cause the blood sugar level to spike, rising to levels above 6 mg/dL. 
Persistent elevation of blood glucose values may lead to glucose toxicity, causing cell dysfunction 
and complications of diabetes [6]. 


Table 1. Ranges for blood glucose concentration in (mg/dL) [7] 


Categories Fasting blood glucose concentration) 
Normal <100 mg/dL 
High Risk 100 — 125 mg/dL 
Diabetes >= 126 mg/dL 
blood glucose serum insulin 
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Figure 1. Blood sugar fluctuations in adults. Glucose blood levels (red), insulin or sugar lowering hormone 
levels (blue) when consuming starch rich food (solid lines), sugar rich food (dotted lines) [8] 


2.2. Body fluids suitable for glucose monitoring 

For decades, blood has been known as the common body fluid used as sample for measurements of 
various test. Blood glucose measurements are usually made from the fingertips, also known as capillary 
blood. The glucose levels in the capillaries have been shown to correlate well with systemic arterial blood 
glucose levels. When the patient is stable, identical glucose levels can be observed from fingertip and other 
sites such as forearm etc.There are also other accessible body fluids suitable for the tests such as interstitial 
fluid, sweat, ocular fluid, urine or saliva for the continuous monitoring of non-invasive methods. Interstitial 
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fluid is a thin layer fluid that surrounds our cells in the body. It consists mostly of water together with sugars, 
salts, fatty acids, amino acids, coenzymes, hormones, white blood cells, neurotransmitters and cell 
by-products. Due to its contents, it provides an alternative method of sampling glucose levels in the body 
other than blood although glucose levels in interstitial fluids is different from those and correlation 
calculations are required. There is also a delay in transmission of glucose levels from the blood to 
the interstitial fluids. Interstitial fluids can also be used to detect inherited metabolic disease, drug efficacy 
and organ failure. These fluids are easily accessible from the subcutaneous tissue just underneath the skin 
and newer glucometers have incorporated sensors in the skin to continuously measure glucose levels in 
the body. Due to its proximity to the skin, minimally invasive microneedles can be used to collect interstitial 
fluids for sensing purposes. These tiny electrodes can be attached on the skin using an adhesive layer for up to 
14 days, allowing continuous monitoring of sugar levels in the body. 

Urine is another type of body fluid that can be used for diabetes diagnostics and is easily accessible 
and is non-invasive. Urine is composed of several metabolites that includes glucose, nitrates, dissolved salts 
and protein. The presence of metabolites causes the pH of urine fluctuate between acidic (pH 4.8) to basic 
(pH 8). Glucose can be found in urine when the amount is high as it will be excreted from blood to urine 
and is detectable using the glucose test. Unfortunately, urine cannot be used for continuous 
glucose-monitoring due to its intermittent nature. Sweat, is known as thermoregulatory body fluid as it helps 
to regulate the temperature of the body. It is the most accessible body fluid which is generated by the sweat 
glands to help stabilize the temperature of the body. The eccrine sweat glands are distributed throughout 
the human body but excretes most sweat in feet, hand, underarm and lower back. Sweat is slightly acidic 
(pH 5.5-6.5) and is composed mainly of water, electrolytes, urea with smaller amounts of glucose, antigens, 
antibodies and cytokines [9]. 

The glucose levels in sweat can be correlated with blood glucose levels (5%-20 %) although it lags 
by about 8 minutes the levels in blood [10]. Saliva is considered as complex fluid as it contains many 
analytes excreted from blood which able to affect a person’s hormonal, emotional, nutritional and metabolic 
state. Saliva can act as a sample for non-invasive glucose sensing. The range of glucose levels in saliva for 
healthy person ranges from 0.23 to 0.38 mM. Meanwhile, the level of glucose for diabetic patients in saliva 
ranges from 0.55 to 1.77 mM. More research needs to be done to have an accurate relationship between 
glucose levels in blood and saliva, before it can be used with therapeutic intervention [11]. Despite this, 
saliva still offers various advantages for diagnostics as it is a non-invasive method. A lot of research in this 
aspect has been done and there are many emerging technologies reported for continuous and non-invasive 
glucose detection in saliva using daily dental devices such as mouth guards, dentures and dental tattoos [11]. 
Table 2 summarizes the different body fluids that can be used for glucose detection and their glucose concentrations. 


Table 2. Summary of glucose concentrations values measured in physiological fluids of healthy 
and diabetic patients [11] 


Physiological Fluid Glucose Concentration for Healthy Patients Glucose Concentration for Diabetic Patients’ 
Blood 4.9-6.9 mM 8-40 mM 
Interstitial fluid 3.9-6.6 mM 7.99-22.2 mM 
Urine 2.78-5.55 mM > 5.55 mM 
Sweat 0.06-0.11 mM 0.3-1 mM 
Ocular fluid 0.05-0.5 mM 0.5-5 mM 
Saliva 0.23-0.38 mM 0.55-1.77 mM 


3. GLUCOSE DETECTION: SENSING TECHNIQUES 
3.1. Overview 

Due to the advantages of regular monitoring, a plethora of glucometers are available in the market 
and most of them are based on biosensors. A biosensor is an analytical device that can integrate transform 
biological elements into electronic signals using a physiochemical transducer. The schematic diagram of 
biosensor is shown in Figure 2. In this device, a biological element such as analyte (glucose) will be detected 
by the transducer [12]. The transducer/detector then transforms the biological signals into electrical signals. 
The electronic circuit will process the signals and display the readouts in a user-friendly manner. 

Over the past decades, home blood glucose monitoring (BGM) devices have provided a convenient 
method for the patient is to self-monitor their blood sugar levels without having to go to a clinic or hospital. 
Typically, the current method of blood glucose testing uses a small electronic device also knows as 
a glucometer. The meter reads the amount of sugar in a small sample of blood which is taken using a lancet 
usually from the fingertips and is placed on a chemically pre-treated disposable test strip. A reader is used to 
detect electrical signals from the chemical reactions on the test strip. While this method is convenient 
and relatively cheap, it is still only an instantaneous measurement of a patient’s blood sugar level and causes 
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minor discomfort due to the necessity of pricking the skin to draw blood. This method is still invasive 
and is unsuitable for continuous monitoring as multiple prickings carry the risk of infections and tissue 
damage in the long run. 

Non-invasive approach can be classified as the approach where the patient would experience pain 
due to blood drawing procedures [13]. In a narrow definition, any medical approaches which does not 
involve the introduction of equipment or instrumentation item into the subject body is what is referred to 
as the non-invasive approach. There are quite numbers of research works developed for these non-invasive 
applications, including the near-field infrared spectroscopy, far-field infrared spectroscopy, etc. Several 
non-invasive techniques developed for glucose monitoring are reviewed in this section. The main technologies 
are electrochemical methods, microwave sensing, raman spectroscopy, near-infrared spectroscopy, iontophoresis 
and stepped-impedance resonator. 


Bio-element Transducer Amplifier Processor Display 


: : | | 
| REFERENCE | 


REFERENCE 


Figure 2. Building blocks of a biosensor 


3.2. Electrochemical methods 

Electrochemical technique has been used widely for glucose detection where it was developed to 
detect glucose levels in blood, tears [14, 15], saliva [16] and also sweat. Blood-based glucose monitoring 
have been used by the public since 1962, where the first generation of glucose biosensors used 
the electrochemical approach for glucose detection. Using this technique, indirect quantification of glucose 
concentrations was achieved by placing a thin layer of the glucose oxidase enzyme on a platinum electrode 
via a semipermeable dialysis membrane. This sensor measured the decrease in oxygen concentration and the 
liberation of hydrogen peroxide, which was proportional to the glucose concentration [11]. These glucose 
biosensors have evolved into the ‘finger-pricking’ approach that we have today, which uses very tiny blood 
samples which are tested in vitro using test strips and a glucometer. This enzymatic method measures 
snapshots of blood glucose levels, is invasive, inconvenient and painful. As a non-continuos method, it can 
overlook periods of hyper or hypoglycaemia which occurs outside of the sampling window. 

An attempt to provide more continuous measurements has been done in which the glucometer 
is connected as a system to an app, iBGStar® Diabetes Manager. This app provides visual graphs 
and statistics to analyze glucose patterns on-the-go. To relieve users of the finger-pricking pain 
and inconvenience during blood glucose measurements, devices based on other biological fluids have been 
invented. Wilson and his team have developed tear-based electrochemical glucose sensing, which uses 
an electrodes-like hollow coil-formed with flexible wireless sensor system [14]. Claussen et al. developed 
an electrochemical biosensor to detect saliva and tear glucose using a complex photolithographic procedure 
involving graph nanosheets, platinum nanoparticles and the enzyme Glucose Oxidase [15]. Another device 
based on electrochemical sensing with carbon nanotubes uses saliva, has been developed by Wang et al. [16]. 
Considering the ease of access of the fluids, it is expected that there will be more research on devices using 
non-invasive biological fluids for glucose measurements in the near future. 


3.3. Microwave sensing of blood glucose levels 

Electromagnetic waves can be used to characterize permittivities of different materials using RF 
or microwave sensors. Dielectric properties of biological tissues have been extensively studied by 
researchers [19]. Recently, the wideband dielectric properties of biological tissues with different glucose 
concentrations have been studied and modeled using the single-pole Cole-Cole Model [20]. The Cole-Cole- 
Model provides an effective and precise biological tissue representation over very wide range of frequencies 
and has recently been used to decrease the complexity of experimental data for different human tissues such 
as skin, bone, fat, brain and breast. The expression of single-pole is: 


Es— Eoo Oi (1) 


ae a e 
= 1+(jwt)A-) JWE9 


Bulletin of Electr Eng & Inf, Vol. 9, No. 6, December 2020 : 2609 — 2618 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 2613 


where £» is the high frequency permittivity, € is the static permittivity, T is the relaxation time 
constant, œ iS parameter that allows broadening of the dispersion and øg; is the onductivity of the material. 
The Cole-Cole model is modified via curve fitting to analyze the relationship between glucose concentrations 
and permittivity as well as conductivity in Gigahertz frequency regions. It has reported that resonant 
frequencies shift with respect to different concentrations of glucose. 

Using the same concept of detecting dielectric permittivities, inductive and capacitive sensors can 
also be used to detect glucose [19]. Figure 3(a) shows the basic concept of the sensor, where the sensor 
structure is a flexible inductor that consists of the core and the coil, and the inductor’s stray capacitance will 
change in reaction with the body glucose, when the inductor is in contact with the body. Impedance 
measurements can be correlated with the change in blood glucose levels in the body. In another device, two 
inductors are placed to sandwich the skin and tissue, and magnetic coupling between the two inductors can be 
measured using voltage or current [20]. The magnetic coupling not only depends on the media dielectric 
characteristics found between two coils, it is also proportional to the analyte type and concentrations. 
The ratio of glucose concentration is proportional to input and output voltages, or between currents. 
The input signal frequency plays a big role in producing enough coupling, and usually high frequencies such 
as 2.4 MHz, 2.9 MHz [21] or 7.7 GHz are used [22]. 

Another device capable of measuring dielectric permittivities is the stepped impedance resonators 
(SIRs) as shown in Figure 3(b). SIRs are microwave-resonator-based biosensors that can determine 
the concentration or physical characteristics of a material under test based on the interaction between 
the resonator electromagnetic (EM) waves and the material [23]. Similar to the inductive capacitive sensors, 
the interaction of the electromagnetic waves with the material under test is reflected in the resonator’s 
S-parameters as well as the shift of its central frequency [23]. The resonant frequency shift correlates with 
the physical characteristics of the material under test. Unlike the inductive capacitive sensor, the SIR 
is planar and can be fabricated using printed circuit boards. This gives it an advantage in terms of reduction 
of circuit size and possible integration in wearables. The SIR shown in Figure 3(b) is composed of alternating 
narrow and wide signal line sections where the narrow sections of the line. These cross-coupled SIRs can be 
used to detect changes in dielectric permittivities of glucose samples using Sı; measurements. Variations in 
the glucose concentration effectively change the equivalent series inductance and shunt capacitance of the 
biosensor resonator. 
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Figure 3. Microwave sensing, (a) An inductive capacitive sensor and its equivalent circuit model [21], 
(b) A stepped-impedance resonator biosensor for measurements of glucose levels [28] 


3.4. Near-infrared spectroscopy 

Near-infrared spectroscopy (NIRS) can detect various chemical components of biological specimens by 
measuring the absorbance of light by organic molecules. This method interrogates tissue using light waves and 
the reflected spectra from wavelengths between 400 and 2400 nm enables analysis of the specimen. Radiation in 
the NIR range can penetrate into skin deeper than visible radiation or MIR radiation [24]. The spectral region of NIR 
has some windows in which hemoglobin, water and lipid absorption band intensities are low enough to let the light 
penetrate into tissue which enable the spectral measurements of near-infrared. NIR measurements involves a light 
source(transmitter) and a light detector (receiver) placed on both sides of a soft tissue such as ear lobe. Ear lobes are 
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commonly chosen because of its relatively small thickness and boneless muscle. NIR light is applied at the transmitter 
part, and the light will be attenuated due to the absorption from glucose in the blood. The attenuated signal will be 
processed at the receiver end of the system. However, the downside of using this technique is scattering of light inside 
the tissue that will cause interference from other types of molecules with similar absorption properties. Therefore, 
the device usually requires calibration of glucose value so that it could be calibrated to the actual patient glucose 
amount in the blood [25]. 


3.5. Optical methods 

Surface plasmon resonance (SPR) is a concept that occurs when polarized light hits a thin layer of 
conductive and chemically inert metal electrode such as gold, interfacing with the media with different 
refractive index. In basic system of Kretschmann configuration, the light beam is focused onto the metal 
through a prism, forming a resonating surface plasmon polaritons (SPP) that are sensitive to the changes of 
glucose levels at certain resonance angle, OR. Photons will be absorbed during this process, resulting in 
shifting of the dark line in the reflected light due to the variations of the glucose level which will be detected 
by the sensor [33, 35]. Recent trends are focusing on enhancing the sensitivity by surface modification as can 
be seen in [36, 37]. Fluorescence technique is based on the principle of Stokes shift. In this principle, 
a wavelength difference is created after the absorption of radiation of a different energy level; emitting 
a specific fluorescent light in the process. A specialized molecule called fluorophores will be bound to 
the glucose molecule and emit fluorescent light proportional to the concentration of glucose presence in 
the sample analyte [28]. However, since it requires interaction of the fluorophores and glucose molecule, 
most of the application will requires physical samples such as blood [38], tears and saliva [39] 
and transdermal glucose from buffer solution [40]. Summaries of key approaches in noninvasive detection of 
glucose are indicated as in Table 3. 


Table 3. Advantages and disadvantages of non-invasive glucose detection 


Glucose Detection Advantage 


Electrochemical 
[14-17] 


Microwave Sensing 
[20-23] 


Near-Infrared Spectroscopy 
[30] [31] [32] 


Iontophoresis 


[34] 


Optical methods 
[28] [33, 35][38] [39] [40] 


Low power consumption 
Wide linear range of sensor 
response 

Excellent repeatability and 
accuracy 

Detect rapid change in glucose 
concentration 

Deep penetrate signal through 
tissue 

Highly stable instrument 
calibration 

Minimum sample preparation 
required 

Measurement of blood glucose 
in less than a minute. 

Portable, compact and low 
cost 

Concentrated in a specific area 
Glucose measurement is based 
on the well-known enzymatic 
method 

High resolution 

Good sensitivity, selectivity 
and reproducibility 


3.6. Commercial remote glucose sensors 


Disadvantage 
Limited sensitivity and sensitive 
to temperature 
Short and limited shelf life 


Poor selectivity 
Susceptible to biological differences 
in blood 


High scattering pattern 
Selectivity problem to determine 
the glucose 


Slight risk of electrode burns 
Susceptible to sweating 
Causes skin irritations 


Sensitive to motion and change in 
temperature 
Time consuming and lagging 


GlucoWatch is a wearable device which has been developed and introduce to the market as 
a non-invasive glucose monitoring by a person continuously as shown in Figure 4(a). The device which can 
detect the trends of glucose level among diabetic patients has been approved as a complementary to 
the conventional blood glucose meters in tracking the diabetic patterns. This device implements 
the iontophoresis technique. This technique extracts interstitial fluid to the skin’s surface to measure 
the levels of glucose in range of pH 7.2-7.4. The entire process is generated when electric current of 300 uA 
supplied between two electrodes that contact the skin at the back of device. The electric current allows 
the interstitial fluid to be taken out and brought into two collection disks which act as cathode and anode. 
Even though GlucoWatch has been considered as continuous and non-invasive device of glucose monitoring, 
this approach has been found to be restricted due to its necessity of periodic recalibration using pricking 


Bulletin of Electr Eng & Inf, Vol. 9, No. 6, December 2020 : 2609 — 2618 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 2615 


method. Thus it leads to increase in costs in patient care and testing equipment. Moreover, the glucose 
detections are affected by the skin temperature as well as the fluctuations of perspiration through applying 
both conductivity sensors and thermos transducers in the device. What makes it interesting is that this device 
able to measure up to six glucose readings per hour. It is also equipped with alarm to warn the level of 
glucose when the change is greater than 35% from borderline. The detection of glucose by GlucoWatch lags 
the standard enzymatic measurement methods by 15 minutes in time. Other disadvantages of GlucoWatch 
includes long warm up times, irritating skin rash, sweating which caused the removal of product in 2008 
from market. 

GlucoTrackTM which has been developed by Integrity Applications Ltd, acts as real-time, 
non-invasive glucose monitoring device as shown in Figure 4(b). The device able to detect the concentration 
of blood glucose through the employment of three techniques on non-invasive monitoring technique of 
glucose that known as electromagnetic, ultrasonic and heat capacity. GlucoTrackTM possess very high 
accuracy and precision due to combination of multiple technologies. It also able to reduce the noises in every 
measurement through minimization of interferences effect. The method of measuring blood glucose 
concentration is through the attachment of device that has personal ear clip (PEC) in the earlobe. PEC has 
been equipped with both sensors and calibration electronics. Earlobe which is an easiest accessible site due to 
an abundant supply of blood to it and it does not affect any routine activities of individual when the device 
is placed on it. Moreover, the device requires calibration individually which against invasive post-prandial 
and basal references of blood glucose prior to its application in glucose measurements. However, 
the calibration only valid for one month. It has high accuracy in clinical trials as the results is tally with other 
glucose analyzer and glucose meter available in the market. The device features include batter recharge, IR 
and USB connectivity, multiuser support, alerts sensor of hypo- and hyperglycaemia, wide LCD screen, 
internal memory to store up until 1000 readings per user, as well as available software to be used for data 
processing and analysis. The advantage is that the device is very lightweight, compact and safe for patients 
yet it still not commercialized as the supplier wanted to improves its calibration procedure quality 
and enhance its performance in data processing by improving its algorithm functions. 

Abbott FreeStyle® Libre received CE Mark in 3 Sept 2014 and is used in seven European countries. 
The FreeStyle device does not need any finger pricks to check and calibrate. Individual only need to wear it 
at the back of the upper arm as shown in Figure 4(c) around 14 days. The measurement of blood glucose 
is done every minute in interstitial fluid using a needle that is 5 mm long and 0.4 mm wide which was 
inserted by the device under the skin using applicator held with adhesive tape. However, the application of 
finger stick test by blood glucose meter is needed when the blood glucose level is rapidly change as the levels 
of interstitial fluid glucose does not reflects accurately the level of blood glucose or whenever hypoglycaemia 
or impending hypoglycaemia is reported by the system. It also essential when the symptoms does not match 
the readings of system. The device needs up to one hour to equilibrate before it can obtain the glucose result 
in not more than one second. The device reader holds up to 90 days of data. Every scan will shows a current 
glucose reading, as well as 8-hour of glucose level history and the prediction of direction glucose is heading. 

Medtronic Guardian™ Sensor is a sensor for continuous glucose monitoring that need to be placed at 
the back of individual’s arm or on abdomen as shown in Figure 4(d). The device has received FDA approval as the 
first hybrid closed loop (HCL) for insulin delivery system in the world. Guardian™ Sensor can be worn until 7 days 
continuously by individual. The device is equipped with Change Sensor alert assist it is activated when the sensor 
does not perform well. The device sensors box includes 30 days of sensor wear to ensure the diabetes patients 
provided with safe, accurate and reliable sensor glucose. The device is linked with software and application that gains 
information from Medtronic diabetes management system directly before it generates reports that can be used during 
the doctor’s consultation and for doctor to monitor their patients’ progress. 
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Figure 4. GlucoTrackTM, (a) GlucoWatch device is easily wearable on the wrists like a watch [41], 
(b) GlucoTrack non-invasive glucose monitoring device with personal ear clip [42], (c) FreeStyle Libre 
Flash Glucose Monitoring System that is placed at the back of upper arm [43], (d) Medtronic Guardian™ 
Sensor Glucose Monitoring System worn on either abdomen or back of upper arm [44] 
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4. CONCLUSION 

Diabetes is increasing worldwide as it effects about 7.8 million persons that developing diabetes 
each year. The frequent monitoring of glucose is the most important part of diabetic management as it is 
the only way by which the diabetics patient can keep their blood glucose level within the normal range. 
This will enable them to live a healthy life by avoiding diabetes-associated life-threatening complications. 
Several research efforts have been conducted to find the precise measurement sensor with easy way to 
monitoring the blood glucose. But it will take a lot of time based on the challenges involved and only a very 
limited scope for success. The painless non-invasive glucose monitoring will enable the diabetics to monitor 
their blood glucose more frequently. However, despite continuous developments in the technology for 
non-invasive glucose monitoring, more intensive research efforts are still required to develop a non-invasive 
glucose monitoring device for highly precise glucose measurements. In this work, various type of approaches 
for glucose sensing such as electrochemical biosensors (enzymatic, hexokinase), optical biosensors (surface 
plasmon resonance, fluorescence) and electrical biosensors (electromagnetic sensing, bioimpedance 
spectroscopy, reverse iontophoresis) have been described. Wearable sensors have the potential to play 
a major role in the continuous and non-invasive monitoring of biomarkers for diabetes and other disease 
conditions. Existing non-invasive glucose monitoring device such as Medtronic Guardian™ Sensor 
and Abbott FreeStyle® Libre, which already in the consumer technology market, provide an information 
base that can be expanded to include disease monitoring or diagnosis, and provide a tangible impact on health 
and wellness. 
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